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Abstract. In the 10th International Workshop on the CKM Unitarity Triangle, the sessions
of the High-pT flavor physics were devoted to the related topics in top quark physics, Higgs
physics, semileptonic decays of B mesons and leptoquark searches. This notes summarizes the
highlights of discussions on top quark and Higgs physics, as presented here.
1. Flavor in Higgs Physics
Since the discovery of the Higgs boson (h) [1–3], a large fraction of scientific activities in both
theory and experiment has been devoted to understanding the properties of the new particle.
From the experiments at the CERN LHC [4], it has recently been confirmed that the Higgs
boson interacts with the third generation fermions, as expected from the standard model (SM)
of particle physics [5–10]. Figure 1 shows the coupling of different particles with the Higgs
boson as a function of their mass, extracted from combined analyses of different processes for
the Higgs boson production and decay [9, 10]. The precise results from both ATLAS and CMS
at the center-of-mass energy of
√
s = 13 TeV agree with SM expectations.
The analysis of the anomalous Higgs boson coupling to vector bosons, hVV, has not shown
any significant deviation from SM, either [13–15]. Figure 2 (left) shows, at 95% confidence level
(CL), the constraints on the anomalous CP-even and CP-odd components of hVV, obtained
from the ATLAS measurements of h→ ZZ∗ → 4` [13]. In the analysis by CMS with the same
final state using the LHC data in Run I and Run II [14], information of on-shell and off-shell
Higgs boson production were employed to simultaneously set limits on the Higgs boson width,
Γh, and hVV anomalous couplings. Using a particular parameterization where anomalous hVV
couplings are described by an effective on-shell cross sectional fraction, fai, and a phase defined
for 2`2`′ decay, φai, Fig. 2 (right) shows limits at 95% and 68% CL for fa2 cosφa2 and Γh.
Assuming SM, the observed (expected) Higgs width is measured to be 3.2(4.1)
+2.8(+5.0)
−2.2(−4.0).
The anomalous interaction of the Higgs boson with fermions, most notably the top quark,
has also been studied through the measurement of the Higgs boson production in association
with a top quark. This process is sensitive to the relative sign of the Higgs boson interactions
with bosons and fermions. According to a combined analysis by CMS [16], the LHC data at√
s = 13 TeV constrain the top quark Yukawa coupling, yt, within [−0.9,−0.5] and [1.0, 2.1]
times ySMt where the positive sign is slightly favored at about 1.5σ.
To summarize the observations, our knowledge so far is that the W and Z bosons as well as the
third generation fermions (except neutrinos) acquire most of their masses from the interaction
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Figure 1. Comparison of the SM expectations and the results of the Higgs boson coupling fit
from ATLAS [9] (left) and CMS [10] (right) at
√
s = 13 TeV. An additional fit is performed by
CMS which employs a phenomenological parameterization relating the masses of the fermions
and vector bosons to the corresponding coupling modifier, κ, by two parameters, denoted M
and  [11, 12]. Here, v = 246.22 GeV, is the SM Higgs boson vacuum expectation value.
Figure 2. The 95% CL limits on the anomalous CP-even (Hvv) and CP-odd (Avv) components
of the hVV interaction (left) [13]. The 68 and 95% CL limits on the anomalous hVV interaction,
parameterized as described in the text, and the width of the Higgs boson in the 4` final state of
the on-shell and off-shell Higgs boson production (right) [14].
with the Higgs boson. However, it is still not clear if the same doublet gives mass to the fermions
from lighter generation; nor we know whether the discovered particle is the only source of the
electroweak symmetry breaking. Added to the fact that most of the free parameters in the SM
are associated with the flavor sector, the study of the Higgs boson interaction with fermions can
either establish the SM-like nature of this new particle or reveal some beyond SM (BSM) effects
in the Higgs sector.
Several methods are proposed [17–25] to study the Yukawa couplings of the first and second
generation fermions. The Yukawa coupling to quarks can be probed in the decay of h → Mγ
where M stands for mesons. The destructive interference between the direct Higgs boson
couplings to quarks constructing M and the indirect couplings via h → γγ∗ makes these
processes very sensitive to deviations from SM. In the particular case of the Higgs boson couplings
to bottom quarks, the measurement of B(h→ Υ(1s)γ) provides complementary information to
the direct B(h→ bb¯) measurement [20].
ATLAS has studied the h→ Mγ processes with M being φ, ρ, J/ψ or Υ [26, 27] while CMS
has set an upper limit on the h → J/ψγ decay [28]. Table 1 shows a summary of the latest
experimental results for h→Mγ decay and the order of magnitude of the SM prediction.
Branching fractions (×10−4) Observed (expected) limit at 95% CL
B(h→ J/ψγ) O(SM):10−6 3.5 (3.0+1.4−0.8) – ATLAS 7.6 (5.2+2.4−1.6) – CMS
B(h→ ψ(2S)γ) 19.8 (15.6+7.7−4.4) – ATLAS
B(h→ Υ(1S)γ) O(SM):10−9 4.9 (5.0+2.4−1.4) – ATLAS
B(h→ Υ(2S)γ) 5.9 (6.2+3.0−1.7) – ATLAS
B(h→ Υ(3S)γ) 5.7 (5.0+2.5−1.4) – ATLAS
Table 1. The latest results for the measurements of h→ Mγ from ATLAS [27] and CMS [28]
experiments.
There is still large room for improvement of the experimental results to be comparable with
the SM expectations and to be sensitive to BSM. For example, the upper limits on B(h→ J/ψγ)
at 95% CL are 3.5 × 10−4 and 7.6 × 10−4 for ATLAS [27] and CMS [28], respectively while it
is obtained B(h→ J/ψγ) = 2.95× 10−6(1.07− 0.07κc) from theoretical calculations [17,18,20].
Here, κc stands for the Higgs coupling coefficient to the charm quark which is equal to one in
SM.
In addition to exclusive Higgs decays to Mγ, one can extract information on κc from the
differential measurements of the Higgs boson pT, as detailed in Ref. [25]. Using the ATLAS
differential measurement of the Higgs boson pT [29], κc is constrained to [−16, 18] at 95% CL.
Assuming ±3 (5)% experimental (theoretical) uncertainty with 0.3 ab−1 of the Run-II LHC data,
the confidence interval is reduced to [−1.4, 3.8]. The parameterization of Ref. [25] is employed
in the CMS differential measurements using 39.5 fb−1 of LHC data at
√
s = 13 TeV. It is
observed that for the coupling-dependent branching fractions, the constraints on κc are shaped
predominantly by the constraints from the total width rather than by distortions of the Higgs
boson pT spectrum. If the branching fractions are fixed to their SM expectations, the expected
limit is −13 < κc < 15 at 95% CL [30] which is comparable with the Run-I results of Ref. [25]
given the larger data sample of the CMS Run-II analysis.
2. Flavor in Top Physics
More than 20 years after its discovery, the top quark is still a prime target in particle physics
studies, because of its large Yukawa coupling and short lifetime. The top quark measurements
at the LHC have already entered the precision era, even for the electroweak production
(single-top) which has relatively smaller production rate than tt¯ via strong interactions.
The ATLAS and CMS experiments have provided results for the inclusive cross section
measurement of the t-channel single-top production at
√
s = 13 TeV [31, 32]. Despite the
smaller production rate, the single-top production in association with a W boson, tW , is also
measured. ATLAS has performed differential measurements of the process at
√
s = 13 TeV [33]
where a novel approach is followed to study the interference of the tW production at next-
to-leading order with tt¯. Figure 3(left) shows the differential measurement of mminimaxb` =
min{max(mb1`1 ,mb2,`2),max(mb1`2 ,mb2,`1)} which is sensitive to the interference. The tW
measurement by CMS has an impressive precision, σpp→tW = 63.1 ± 1.8(stat.) ± 6.4(syst.) ±
2.1(lumi) fb, already limited by the systematic uncertainties [34].
Figure 3. The differential distribution of mminimaxb` , as defined in the text, in comparison with
different theory models (left) [33]. The discriminator distribution of the tZq search in the signal
region with two and three jets, one identified as originating from a bottom quark (right) [35].
The precision on the dominant SM processes of top quark production suggests the
measurement of the rare processes and search for BSM signatures. CMS has reported an evidence
for the SM production of the t-channel single-top quark in association with a photon [36].
The measurement yields σpp→tγjB(t → µνb) = 115 ± 17(stat.) ± 30(syst.) fb with an observed
(expected) significance of 4.2 (3.0)σ. The production of the t-channel single-top quark in
association with a Z boson, tZq, has recently been observed by CMS [35]. The measurement
yields σpp→tZ(``)j = 111 ± 13(stat.)+11−9 (syst.) fb with an observed and expected significance
above of 5σ. The distribution of the discriminator for this measurements is shown in Fig. 3
(right). An evidence of the process has been confirmed by ATLAS with 4.2 (5.4)σ observed
(expected) significance [37]. Both experiments have searched for the flavor-changing neutral
current (FCNC) interactions of top quark and Z boson. Using tt¯ events, ATLAS has set an
observed upper limit of B(t → Zq) = 1.7(2.4) × 10−4 for q = u(c) at 95% CL [38]. The CMS
analysis of tt¯ and single-top events yields an observed upper limit of B(t→ Zq) = 2.4(4.5)×10−4
for q = u(c) at 95% CL [39]. Searches for the FCNC interactions of the top quark and the
Higgs boson are performed at
√
s = 13 TeV by the ATLAS experiment, in the multilepton and
diphoton final states using tt¯ events. The multilepton studies result in observed upper limits
of B(t → hc(u)) < 0.16(0.19)% at 95% CL [40] while in the diphoton analysis, the observed
upper limits at 95% CL are B(t → hc(u)) < 0.22(0.24)% [41]. The limits by CMS in the
more challenging final state of h → bb¯ are less stringent despite the simultaneous use of tt¯ and
single-top events: B(t→ hc(u)) < 0.47% at 95% CL [42].
The top quark measurements can be interpreted in the context of the effective field theory
(EFT) to constrain the BSM contributions. The EFT systematically parameterizes the theory
space in the vicinity of the SM and is based on the SM fields and symmetries. Unlike
the anomalous coupling approach, it preserve the gauge invariance when done globally. The
global analysis of EFT is also necessary to preserve the systematic coverage of BSM scenarios,
to ensure the renormalizability, and to probe correlated deviations in precisely measured
observables. A global analysis of top quark, Higgs boson and diboson processes for future
circular colliders [43,44] highlights the interconnections between these sectors that have mostly
been considered separately so far. Figure 4 shows the expected precision reach for top quark
EFT operators using different scenarios for future colliders. The impact of deviations in the
triple-Higgs coupling from SM, δκλ, can be seen by comparing the dark (δκλ = 0) and light
(marginalized δκλ) shaded areas. The impact is small once the double Higgs measurements of
the LHC with high luminosity, HL-LHC, are included.
Figure 4. Global one-sigma precision reach on the top-quark operator coefficients deriving from
HL-LHC and circular lepton collider measurements. Large degeneracies are present in the “CC
240 GeV” scenario and push the precision reach on some operator coefficients outside of the plot
range [43].
The EFT interpretation is becoming more and more part of the top quark measurements
where among others, one can mention the interpretation of the tt¯W and tt¯Z cross section
measurements by ATLAS and CMS at
√
s = 13 TeV [45, 46]. The two experiments provide
compatible results for the cross sections, as can be seen in Fig. 5. They however use
different conventions for the EFT interpretation which makes the comparison difficult. In
Figure 5. The result of the simultaneous fit to the tt¯Z and tt¯W cross sections along with
the 68% and 95% CL contours, for the ATLAS (left) [45] and CMS (right) [46] measurements,
compared with the SM expectation.
order to facilitate the comparison and combination of the results, and towards a global EFT
analysis, the LHC TOP Working Group has established some standard conventions for the EFT
interpretations [47]. These conventions are respected in the ATLAS tt¯W/tt¯Z measurement [45]
which is more recent. The EFT coefficients are constrained directly with the data in a global
analysis of tW and tt¯ in the dilepton final state, performed by CMS [48]. The analysis follows
the conventions recommended in Ref. [47] and the results are shown in Fig. 6.
Figure 6. Observed best fit together with one and two standard deviation bounds on the top
quark effective couplings. The blue dashed line shows the SM expectation and the red vertical
lines indicate the 95% CL bounds including the theoretical uncertainties [48].
3. Summary
The physics of the Higgs boson and top quark have a high potential to shed light on the unknown
aspects of the electroweak symmetry breaking and the physics beyond the standard model. Both
theory and experiment communities have a rich program on the topic which involves also the
connection between the physics of the two particles.
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